1. In order to clarify further the phenomenon of post-obstructive diuresis, clearance and micropuncture experiments were done before and after relief of partial ureteral obstruction in rats with a solitary hydronephrotic kidney.
Introduction
The relief of partial or complete obstruction of the urinary tract in man may result in a massive diuresis and natriuresis, a phenomenon referred to as postobstructive diuresis (Wilson, Reisman & Moyer, 1951; Bricker, Shwayri, Reardan, Kellog, Merrill & Holmes, 1955; Eiseman, Vivian & Vivian, 1955; Maher, Schreiner & Waters, 1963; Witte, Short & Hollander, 1964; Muldowney, Duffy, Kelly, Duff, Harrington & Freaney, 1966; Steiness & Lunding, 1966; Massry, Schainuck, Goldsmith & Schreiner, 1967) . The intrinsic defects in renal function leading to post-obstructive diuresis could consist of increased filtration or decreased reabsorption in the proximal tubule of residual functioning nephrons or, alternatively, disproportionate damage to the deep nephrons or renal medulla causing excessive loss of salt and' water. Important extrarenal factors to be considered include the osmotic diuretic effect of retained urea and the effect of chronic sodium retention with extracellular fluid volume expansion.
Previous clearance and micropuncture studies of partial unilateral ureteral obstruction in the rat failed to demonstrate a post-obstructive diuresis
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after the relief of chronic obstruction in the presence of a normal contralateral kidney, despite the finding of decreased reabsorption in the distal nephron and/or impaired function of the deep nephrons and renal medulla (Wilson, 1972) . The results suggested that other factors must be superimposed on this intrinsic renal defect in order to elicit a post-obstructive diuresis.
The purpose of the present experiments was to study the effect of relief of partial obstruction in rats with reduced nephron mass and elevated blood urea concentration produced by contralateral nephrectomy. Solitary hydronephrotic kidneys were subjected to clearance and micropuncture studies before and after the relief of chronic ureteral obstruction to observe directly the changes occurring in the surface nephrons of the same kidney before and during the development of post-obstructive diuresis. The role of the reduced functioning nephron mass and the elevated blood urea concentration in post-obstructive diuresis, as compared with the role of an abnormality of deep nephron or medullary function, was further examined by studying three other groups of animals with (a) normal solitary kidney, (b) solitary remnant kidney, and (c) the latter with superimposed urea loading.
Methods
Clearance and micropuncture experiments were performed. on forty male Wistar rats weighing 220-395 g. Group 1, with solitary hydronephrotic kidney, consisted of nineteen rats in which obstruction of the left ureter was produced by loosely tying a silk ligature around the upper left ureter just below the ureteropelvic junction. One week later contralateral nephrectomy (right kidney) was carried out. Group 2, with solitary normal kidney, consisted of eight rats in which only a right nephrectomy was done. Group 3, with solitary remnant kidney, consisted of seven rats subjected to left partial nephrectomy followed 1 week later by contralateral nephrectomy. Group 4, with solitary remnant kidney with urea loading, consisted of six rats subjected to left partial nephrectomy and right nephrectomy (as in group 3) as well as urea infusion at the time of micropuncture experiments. Partial nephrectomy was carried out by ligating and excising the upper and lower poles of the left kidney, a procedure which leaves the inner medulla and papilla intact. The animals in all groups recovered uneventfully from surgery and gained weight on a diet containing 1% sodium chloride (Rockland rat diet).
Clearance and micropuncture experiments were carried out 3-5 weeks after the last surgical procedure (right nephrectomy). In thirteen of the nineteen rats in group 1, three clearance periods were carried out with the catheter below the level of the obstruction in the ureter; the catheter was re-inserted above this level, and, after 30-45 min (drainage period), three further clearance periods were carried out. In the remaining six rats of group 1, the catheter was inserted above the obstruction at the beginning of the experiment. Micropuncture measurements during the post-obstructive periods were made on fresh tubules not punctured before relief of obstruction.
Methods used were similar to those previously described (Wilson, 1972) . Rats were anaesthetized with inactin (80 mgjkg) given by intraperitoneal injection, placed on a thermostatically controlled heated table and prepared for micropuncture. Tracheostomy was carried out with PE 240 tubing, blood pressure in the femoral artery was monitored by a mercury manometer and rectal temperature was maintained at 37-38°C.
Isotonic sodium chloride (154 mmol/l) was given intravenously into the jugular vein by an infusion pump throughout the experiment, 1% of the body weight during surgical preparation (30 min) and 0·036 ml/rnin thereafter. In six of the rats with partial nephrectomy and contralateral nephrectomy, urea was added to the infusion, 1·25 mmol during surgical preparation and 1 mmol/ml subsequently. The left ureter was catheterized to the mid-ureteral level with PE 50 tubing through a transabdominal incision and the left kidney was placed in a Lucite dish with the capsule intact and bathed with warm mineral oil (37°C). A sample of urine for bacterial culture was obtained from the left ureter and never revealed more than 1000 colonles/ml. After at least 1 h to allow the animal to recover from surgical stress, and when the urine flow was stable [3H]inulin was given in a priming dose of 100 pei (in 0·5 ml of isotonic sodium chloride) and sustaining infusion at 100 pCi/h. Clearance periods and micropuncture sampling were begun after a 30-45 min equilibration period in control animals and after 45-60 min in animals with obstructive nephropathy.
Proximal intratubular pressure, transit time of intravenously injected Lissamine Green dye to the distal portion of the proximal tubule, and timed collections of tubular fluid from the distal portion of the proximal tubule were obtained as described previously (Wilson, 1972) .Transit time to the distal tubule was measured as the time taken for the dye to reach the early distal segments minus the proximal transit time and timed tubule fluid samples were also collected from distal tubules on the surface of the kidney.
Almost all collections were made from the first or second distal segments in which Lissamine Green appeared. Retrograde contamination of the collections was avoided by using a long oil block of four to six tubule diameters in length. Blood samples (0,1 ml) were obtained from the cut end of the tail at the beginning and end of each clearance period and with each tubular fluid collection. The volume of tubule fluid samples was measured in a constant-bore capillary tube previously calibrated with pH]inulin and containing chloroform-liquid silicone (7: 3) to minimize meniscus error. Urine volume was determined by weighing.
Radioactivity in tubule fluid, plasma and urine was measured by adding samples to toluene-based scintillation fluid containing solubilizer and butyl PBD and PBBO (Beckman Bio-Solv BBS-3 and Fluoralloy TLA) and counting in a Packard liquidscintillation counter with 3H standards to correct for counting efficiency. No correction was made for plasma water content. Plasma and urinary sodium were measured with a flame photometer (Instrumentation Lab) and plasma and urine osmolality with a nanolitre osmometer (Clifton Technical Physics).
Single nephron filtration rate was calculated as the product of the tubular fluid flow rate and the endproximal tubular fluid to plasma (TF/P) inulin concentration ratio. The absolute rate of tubular fluid reabsorption was calculated as the difference between the single nephron filtration rate and the tubular fluid flow rate at the end of the proximal tubule. The micropuncture results were analysed by obtaining a mean value for each variable in each rat, except in the distal nephron where individual values were used. The differences between mean values were assessed by Student's t-test.
Results

Histological observations
The gross and microscopic appearance of chronically obstructed kidneys similar to those used in the present experiments has been described and illustrated previously (Wilson, 1972) .
Clearance results before and after relief of chronic obstruction
The results of clearance measurements carried out below and subsequently above the level of the ureteral obstruction in thirteen rats are summarized in Table 1 . In two animals glomerular filtration rate was too low for accurate measurement before relief of obstruction. Glomerular filtration rate (GFRI was approximately 30% of normal for a single kidney (see below) and GFR increased by 112% after relief of obstruction (P<O·OI) . Urine flow rate and the TABLE 1. Clearance results before and after relief of chronic obstruction in a solitary kidney Results are mean values ±SEM. GFR, glomerular filtration rate per kg body wt.; V, rate of urine flow; 100 V/GFR, per cent of filtered water excreted; UNaV, rate of sodium excretion in urine; 100 FENa percent offiltered sodium excreted; 100 Cosm./GFR, per cent of solute load excreted; 100 T cH20/GFR, per cent of free water reabsorbed; NS indicates P> 0'05.
100 V/GFR (%) UNaV(jlmol/min -1 kg-1 body wt.) 100 FENa Uosm.(mosmo\Jkg body wt.) 100 Cosmo /GFR (%) 100 T cH20/GFR co
(1) GFR and derived variables were available in eleven rats. absolute sodium excretion rate also increased markedly (P<O·OI) when obstruction was relieved and these changes were the major signs of postobstructive diuresis. On the other hand, the fractional excretion of sodium and water did not change significantly, indicating that the increase in sodium and water excretion was proportional to the change in glomerular filtration rate (GFR). Urine osmolality was considerably below values observed in hydropenic rats and did not change during the postobstructive phase. Fractional solute excretion (Cosm.! 100 ml GFR) decreased, although not significantly, and free water reabsorption decreased significantly during the post-obstructive phase.
Micropuncture results before and after relief of chronic obstruction
Observation of the surface of the chronically obstructed kidney in vivo under the dissecting microscope showed mild to moderate dilatation of the proximal tubule lumen; the distal tubules were more markedly affected, their inside diameter being equal to or larger than that of the proximal tubules.
All nephrons were judged to be functioning, as indicated by the passage of Lissamine Green through the tubules. The micropuncture results are summarized in Table 2 . Proximal intratubular hydrostatic pressure was normal or slightly increased in chronically obstructed kidneys [mean value 1'5 kPa (15,3 cmH 20)] and did not change significantly in the post-obstructive period. The transit time of Lissamine Green to the end of the proximal tubule, which was prolonged to a mean value of 17'7 s in the obstructed kidney, decreased significantly to nearnormal values (13'9 s) when obstruction was relieved. Similarly, the transit time from the endproximal to the early distal tubule decreased significantly with relief of obstruction from 56·8 to 39·7 s (P<O·Ol). The proximal tubular fluid flow rate increased by 30% from 20·7 to 26'5 nljmin (P<0'05) and the surface nephron filtration rate increased by 21% (P<0·05). The fractional reabsorption of water, as measured by the tubular fluid to plasma inulin concentration ratio (TF/Plnulln), decreased from 51% to 45%, a change which was not significant, and the absolute rate of fluid reabsorption did not change in the proximal tubule. In the distal nephron Table 3 ). Urine osmolality was much lower in the post-obstructive kidney, fractional solute excretion (Cosm.lGFR) was higher, and free water reabsorption (TcHzO/GFR) was not significantly different in the two groups. there were no significant changes in tubular fluid flow rate, or fractional water reabsorption, as measured by TF/Plnulln concentration ratio.
Comparison of surface nephron and whole-kidney function before and after relief of chronic obstruction
In Fig. 1 the measured whole-kidney GFR is compared with the GFR calculated from the surface nephron GFR x 30000, this value being the number' of nephrons in the rat kidney (Rytand, 1938) . Fig. 1 illustrates (1) the disproportionately high surface nephron GFR in the obstructed phase, (2) the marked improvement in whole-kidney GFR after relief of obstruction, (3) the persistence of a disproportionately high surface nephron GFR in most post-obstructive kidneys (especially when compared with the solitary kidney) and (4) the variable change in the relationship between surface nephron GFR and whole-kidney GFR after relief of chronic obstruction, with the mean value of whole kidney GFR doubling while surface nephron GFR increased by 20%. The urinary excretion of sodium and water also increased markedly after relief of chronic ureteral obstruction (P<O'OI) but, in the surface nephrons, fluid reabsorption did not change significantly in either the proximal or distal tubule ( Table 2) .
Comparison of the solitary post-obstructive kidney with control groups with reduced renal mass
The solitary post-obstructive kidney had a lower GFR but considerably higher excretion rate of Glomerular filtration rate in the solitary remnant kidney (group 3) was similar to that of the postobstructive kidney (group 1) but the excretion rates of sodium and water were considerably higher in group 1 (Table 3) . Fractional sodium and water excretion were also higher in group 1, although, because of the large variation in the function of the post-obstructive kidney, the differences were not statistically significant. Urine osmolality was lower in group 1. As shown in Fig. 2 , the slope of the line relating T cH 20/GFR to Cosm./GFR was also lower in group 1 compared with groups 2 and 3 (0,209 ± 0·043 versus 0·658 ±0'029, P<O'OI), a further indication of decreased concentrating ability.
Surface nephron function in the three groups of rats is compared in Table 4 . In contrast to the marked difference in sodium and water excretion between rats with post-obstructive diuresis and with a solitary normal kidney, there was no significant difference in surface nephron function. Single nephron filtration rate, fractional reabsorption in the proximal tubule, and the rate of delivery of fluid to the loop of Henle (end-proximal tubular fluid flow rate) were similar. In the distal nephron, the fractional water reabsorption (TF/Plnulln) was lower in group 1 but the difference was not statistically significant and tubular flow rate was unchanged.
In the surface nephrons of the remnant kidney group (group 3) nephron filtration rate tended to be higher and fractional reabsorption in the proximal tubule was significantly higher than in the postobstructive group, with the delivery of fluid to the distal nephron being similar. In the distal tubule, no differences in fractional water reabsorption were detected between groups 1 and 3. The distal tubule fluid flow rate was higher in the latter group despite the lower urine flow rate.
Role of elevated blood urea concentration in postobstructive diuresis
The third group of control rats (group 4) had a solitary remnant kidney and acute urea loading (without added volume expansion) to a mean blood urea concentration of 38 ± 5 mmol/l (228± 32 mg/l00 ml) (Table 3) . Urine flow was considerably increased and GFR and other variables were not significantly different from group 1, except for the higher osmolality in group 4. Urine flow in these rats was higher than in either the solitary normal or solitary remnant kidney groups. Micropuncture measurements in group 4 showed an increase in nephron filtration rate, increased flow rate in the proximal and distal nephron, and decreased fractional water reabsorption in the distal tubule when compared with the solitary normal kidney (Table 4) .
The group of nineteen post-obstructive rats which were studied could be divided into two groups: one group with relatively normal blood urea concentration (thirteen rats, mean blood urea 15 ± 1·4 mmol/l, range 11-17), and one with markedly increased urea values (six rats, mean blood urea 57 ± 12 mmol/l, range 28-110). As shown in Table 5 , the postobstructive rats with high urea values had a significantly higher urine flow rate despite a lower GFR. Surface nephron filtration rate was also lower in rats with a high blood urea concentration (Table 6) and, although delivery of fluid from the proximal tubule was reduced, there was decreased water reabsorption in the loop of Henle and/or distal tubule of post-obstructive rats with a high urea level (P<O·OI). 'Normal' and 'high' blood urea refer to rats with blood urea concentrations less than or greater than 17 mmol/l (102 mg/lOO ml) respectively. See Tables 1 and 3 'Normal' or 'high' blood urea concentrations are as defined in Table 5 . The experimental model of chronic obstructive nephropathy used in these studies was chosen to resemble a situation which often exists in man with chronic urinary tract obstruction, and to allow evaluation of the effect of reduced nephron mass or elevation of the blood urea concentration on the intrinsic renal defect. Clinical experience indicates that post-obstructive diuresis occurs only after relief of severe chronic obstruction, or acutechronic obstruction, which must be bilateral or affect the only functioning kidney. In previous studies in the rat with partial ureteral ligation, no post-obstructive diuresis was observed after relief of chronic obstruction when a normal contralateral kidney was present, although there was evidence of disproportionate impairment of function in the distal tubule and/or the deep nephrons and renal medulla (Wilson, 1972) .These results suggested that the development of post-obstructive diuresis depended on other factors superimposed on this intrinsic renal defect.
In the present experiments carried out in rats with the contralateral kidney removed several weeks previously, a marked increase in sodium and water excretion and in GFR followed the relief of chronic obstruction in the solitary kidney and established the occurrence of post-obstructive diuresis. There was no significant change in the fractional excretion of sodium and water, indicating that the natriuresis and diuresis were proportional to the increase in GFR (Table 1) . Micropuncture measurements of surface nephron function showed only a slight increase in nephron filtration rate and delivery of fluid to the loop of Henle, which was not accompanied by changes in distal tubule flow rate or water reabsorption (Table 2 ). Direct observation of the kidney showed no obvious change in the number of functioning surface nephrons after relief of obstruction and thus the increase in GFR must have resulted to a major degree from increased filtration in nephrons deep to the kidney surface. Moreover, changes in reabsorption of salt and water in surface nephrons could not account for the observed natriuresis and diuresis, which must therefore also be explained, at least in part, by changes in the deep nephrons or collecting ducts.
To demonstrate further the characteristic renal functional pattern during diuresis after the relief of chronic obstruction, the results were compared with those in rats having either a solitary normal kidney or a solitary remnant kidney. It was clear from these experiments that the kidney undergoing postobstructive diuresis had a much greater sodium and water excretion, together with a decreased' urinary concentrating ability, than the kidney with either a normal GFR or a similar reduction in GFR due to partial nephrectomy (Table 3) . Surface nephron function in the post-obstructive kidney was not significantly different from that in the two control groups with reduced renal mass (Table 4) , providing further confirmation that the characteristic abnormality in the post-obstructive kidney lies in the function of the deep nephrons and medulla.
The results of the present study of chronic partial obstruction may be compared with the micropuncture study of Yarger, Aynedjian & Bank (1972) during post-obstructive diuresis after 24 h of total obstruction by bilateral ureteral ligation in the rat. As might be expected, GFR was much lower and fractional salt and water excretion were correspondingly higher after relief of total obstruction. Impaired water reabsorption in the distal nephron was also observed but the average blood urea concentration was considerably higher than in the present experiments. In chronically obstructed rats with a similarly high urea concentration we also observed impaired reabsorption in the loop of Henle (Table 6 ). The major difference between the two experimental situations appears to be that intrarenal pressure was not markedly increased during chronic partial obstruction and did not change markedly with the development of post-obstructive diuresis. Yarger et al. (1972) suggested that high intrarenal pressure and elevated plasma urea concentration were responsible for the post-obstructive diuresis after release of acute total obstruction, but changes in hydrostatic pressure, at least in the surface nephrons, cannot explain the diuresis and natriuresis noted in the present experiments. It is possible, however, that changes in intrarenal pressure or blood flow in the deeper portions of the kidney could contribute to the functional changes noted after relief of chronic obstruction.
The osmotic effect of urea does not appear to be an essential requirement since post-obstructive diuresis occurred in animals with normal or slightly elevated blood urea concentrations (Table 5) , and urine flow was higher in these rats with 'normal' urea values than in rats with solitary normal or remnant kidney whose blood urea concentration was similar (Table 3, P<O·Ol). However, high urea values did significantly increase the degree of post-obstructive diuresis and this effect was associated with inhibition of water reabsorption in the loop of Henle and distal nephron, presumably resulting in the delivery of a greater volume of fluid to the collecting ducts (Table 6 ). Also acute urea loading in rats with a solitary remnant kidney, although not an entirely similar situation, caused an increase in urine flow B to values similar to those in the post-obstructive kidney (Table 3 ) and a decrease in fractional reabsorption in the distal nephron (Table 4) . Kauker, Lassiter & Gottschalk (1970) have observed similar effects of acute urea infusion on distal water reabsorption in normal rats. Thus urea diuresis appears to be an important potentiating factor in postobstructive diuresis.
The pathogenesis of the changes in deep nephron or medullary function which are present in the postobstructive kidney remains obscure and has not been directly studied. The structural changes in the papilla and medulla of chronically obstructed kidneys are obviously important. Alterations in the intrarenal distribution of nephron filtration or renal blood flow, or changes in peritubular capillary physical factors, could contribute to diminished reabsorption in the deep nephrons and collecting ducts. Jaenike (1972) found no abnormality of blood flow distribution after the relief of acute (24 h) complete obstruction in the rat. Recent studies with the ferrocyanide-microdissection technique (modified Hanssen's technique) indicate that the normal distribution of nephron filtration rates, which are higher in deep nephrons, was unchanged after relief of acute obstruction but was lost in the chronically obstructed kidney (D. R. Wilson, unpublished observations) .
Abnormal permeability of the deeper nephrons to sodium and water, with increased back diffusion of sodium and decreased water reabsorption, could also be a partial explanation for the phenomenon of postobstructive diuresis. McDougal & Wright (1972) have obtained evidence of increased nephron permeability to mannitol and inulin after relief of 24 h complete obstruction, although the high intrarenal pressure produced by this procedure probably represents an important difference from the effect of chronic partial obstruction..
The release of an intrarenal natriuretic substance, such as renin-angiotensin (Lowitz, Stumpe & Ochwadt, 1966) or prostaglandin (Fulgraff & Meiforth, 1971) , could be involved in post-obstructive diuresis but it is then difficult to explain why there is no diuresis after the relief of unilateral obstruction from either the obstructed or contralateral control kidney (Wilson, 1972; Yarger et al., 1972) . Perhaps total suppression of renal excretion is required for such a factor to accumulate in the circulation (Jaenike, 1972) .
Finally, a partial explanation may lie in the recent demonstration of a deficiency of the enzyme Na+ + K +-dependent adenosine triphosphatase in the outer medulla of kidneys which are undergoing postobstructive diuresis after relief of complete obstruction (Wilson, Knox, Hall & Sen, 1974) . The activity of this enzyme appears to correlate, in a variety of situations, with renal sodium reabsorption (Katz & Epstein, 1967) and concentrating ability (MartinezMaldonado, Allen, Eknoyan, Suki & Schwartz, 1969) . Thinning and disorganization of the outer medullary zone is a characteristic histological feature of chronic obstructive nephropathy and it is possible that a deficiency of Na" -t-Kt-dependent adenosine triphosphatase, particularly in this area, could be involved in the pathogenesis of postobstructive diuresis. Further study is required to clarify the precise disturbance of deep nephron and medullary function in obstructed kidneys.
